SNARE proteins (soluble N-ethylmaleimide-sensitive factor attachment protein receptors) mediate membrane interactions and are conventionally divided into Q-SNAREs and R-SNAREs according to the possession of a glutamine or arginine residue at the core of their SNARE domain. Here, we describe a set of R-SNAREs from the ciliate Paramecium tetraurelia consisting of seven families encoded by 12 genes that are expressed simultaneously. The complexity of the endomembrane system in Paramecium can explain this high number of genes. All P. tetraurelia synaptobrevins (PtSybs) possess a SNARE domain and show homology to the Longin family of R-SNAREs such as Ykt6, Sec22 and tetanus toxin-insensitive VAMP (TI-VAMP). We localized four exemplary PtSyb subfamilies with GFP constructs and antibodies on the light and electron microscopic level. PtSyb1-1, PtSyb1-2 and PtSyb3-1 were found in the endoplasmic reticulum, whereas PtSyb2 is localized exclusively in the contractile vacuole complex. PtSyb6 was found cytosolic but also resides in regularly arranged structures at the cell cortex (parasomal sacs), the cytoproct and oral apparatus, probably representing endocytotic compartments. With gene silencing, we showed that the R-SNARE of the contractile vacuole complex, PtSyb2, functions to maintain structural integrity as well as functionality of the osmoregulatory system but also affects cell division. Intracellular vesicle trafficking between different organelles, as well as to and from the cell surface, is a hallmark of eukaryotic cells. These membrane interactions are tightly regulated, and the molecular machinery mediating these events is the subject of intense current research. Although many details are similar, some are highly divergent in different cells or from one membrane system to another. We are particularly interested in such aspects in the ciliated protozoan Paramecium tetraurelia that possesses elaborate membrane-trafficking systems (1). Membrane interactions, such as the fusion of intracellular vesicles with other vesicles or the cell membrane, are mediated by soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) which are characterized by a heptad repeat coiled-coil SNARE motif (2-4). SNARE proteins mediate membrane interactions and have been classified as target-SNAREs (t-SNAREs) and vesicle-SNAREs (v-SNAREs) according to their localization (5). Before membranes fuse, v-SNAREs and t-SNAREs in the opposing membranes form a stable trans-SNARE complex with their coiled-coil SNARE domains that is thought to be prerequisite to bring about fusion of the vesicle with the target membrane (6-8). Because SNARE pairing is specific to different membrane-trafficking pathways, cognate pairing of individual v-SNAREs with corresponding members of the large family of t-SNAREs is required before fusion can occur (4,6,7). This is reflected by the distinct subcellular localizations of different SNARE isoforms (4). One of the best characterized SNARE complexes is the synaptic vesicle SNARE-pin, formed by the t-SNAREs syntaxin-1 and synaptosomal-associated protein of 25 kDa (SNAP25), which contributes two helices to the complex, and the v-SNARE vesicle-associated membrane protein-2 (VAMP-2) or synaptobrevin-2 (2). The homohexameric ATPase and SNARE-specific chaperone N-ethylmaleimide-sensitive factor (NSF) and its adaptor protein a-soluble NSF attachment protein (a-SNAP) disentangle the cis-SNARE complexes after membrane fusion into single SNARE proteins that can then be retrieved for another round of vesicle fusion, but NSF may also be important before vesicle fusion for vesicle tethering (5,9-12). A conserved arginine or glutamine at the centre of the SNARE domain is important for the attachment of a-SNAP and subsequent NSF action. Therefore, another nomenclature classes the SNAREs into R-SNAREs and Q-SNAREs, respectively (13). As a general rule, three Q-SNAREs and one R-SNARE (synaptobrevin) are participating in a SNARE complex, the so-called 3Q þ 1R SNARE rule (13). R-SNAREs are characterized by the synaptobrevintype SNARE domain immediately preceding a transmembrane anchor at the C-terminus. They are either lacking an amino-terminal domain ('brevins') or possess an aminoterminal, so-called longin domain, and are accordingly called 'longins ' (14,15). Longins are present in all eucaryotes (16), whereas the distribution of brevins as known so far is more restricted to animals and yeast (15). The brevins of metazoans are the only R-SNAREs sensitive to tetanus neurotoxins (17) and are characterized by a specific RD motif at the centre of their SNARE domain, in contrast to the RG motif seen in all other R-SNAREs (15).
Intracellular vesicle trafficking between different organelles, as well as to and from the cell surface, is a hallmark of eukaryotic cells. These membrane interactions are tightly regulated, and the molecular machinery mediating these events is the subject of intense current research. Although many details are similar, some are highly divergent in different cells or from one membrane system to another. We are particularly interested in such aspects in the ciliated protozoan Paramecium tetraurelia that possesses elaborate membrane-trafficking systems (1) . Membrane interactions, such as the fusion of intracellular vesicles with other vesicles or the cell membrane, are mediated by soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) which are characterized by a heptad repeat coiled-coil SNARE motif (2) (3) (4) . SNARE proteins mediate membrane interactions and have been classified as target-SNAREs (t-SNAREs) and vesicle-SNAREs (v-SNAREs) according to their localization (5) . Before membranes fuse, v-SNAREs and t-SNAREs in the opposing membranes form a stable trans-SNARE complex with their coiled-coil SNARE domains that is thought to be prerequisite to bring about fusion of the vesicle with the target membrane (6) (7) (8) . Because SNARE pairing is specific to different membrane-trafficking pathways, cognate pairing of individual v-SNAREs with corresponding members of the large family of t-SNAREs is required before fusion can occur (4, 6, 7) . This is reflected by the distinct subcellular localizations of different SNARE isoforms (4) . One of the best characterized SNARE complexes is the synaptic vesicle SNARE-pin, formed by the t-SNAREs syntaxin-1 and synaptosomal-associated protein of 25 kDa (SNAP25), which contributes two helices to the complex, and the v-SNARE vesicle-associated membrane protein-2 (VAMP-2) or synaptobrevin-2 (2). The homohexameric ATPase and SNARE-specific chaperone N-ethylmaleimide-sensitive factor (NSF) and its adaptor protein a-soluble NSF attachment protein (a-SNAP) disentangle the cis-SNARE complexes after membrane fusion into single SNARE proteins that can then be retrieved for another round of vesicle fusion, but NSF may also be important before vesicle fusion for vesicle tethering (5, (9) (10) (11) (12) . A conserved arginine or glutamine at the centre of the SNARE domain is important for the attachment of a-SNAP and subsequent NSF action. Therefore, another nomenclature classes the SNAREs into R-SNAREs and Q-SNAREs, respectively (13) . As a general rule, three Q-SNAREs and one R-SNARE (synaptobrevin) are participating in a SNARE complex, the so-called 3Q þ 1R SNARE rule (13) . R-SNAREs are characterized by the synaptobrevintype SNARE domain immediately preceding a transmembrane anchor at the C-terminus. They are either lacking an amino-terminal domain ('brevins') or possess an aminoterminal, so-called longin domain, and are accordingly called 'longins' (14, 15) . Longins are present in all eucaryotes (16) , whereas the distribution of brevins as known so far is more restricted to animals and yeast (15) . The brevins of metazoans are the only R-SNAREs sensitive to tetanus neurotoxins (17) and are characterized by a specific RD motif at the centre of their SNARE domain, in contrast to the RG motif seen in all other R-SNAREs (15) .
The Paramecium cell is a highly complex eucaryotic cell with well-defined internal organization and displays numerous clearly defined vesicle-trafficking routes, including the standard repertoire of endocytosis, phagocytosis, stimulated exocytosis of dense core vesicles (trichocysts) and constitutive exocytosis (1, 18, 19) . Coated vesicle-mediated endocytosis occurs at regularly arranged parasomal sacs (20) , and the early endosomes ('terminal cisternae') of Paramecium are located under the regularly arranged basal bodies (21, 22) . Phagocytosis of food particles takes place on a specialized invagination of the cell surface, the oral apparatus (23) . The food vacuole then takes a well-defined route (cyclosis) through the cell during which it undergoes different stages of acidification and neutralization, fusion with lysosomes and retrieval of membranes, before indigestible waste materials are eventually expelled at another defined structure, the cytoproct (23) (24) (25) (26) . Internal fusion processes involve the anterograde and retrograde vesicle-trafficking routes between the endoplasmic reticulum (ER) and the Golgi apparatus (22) , budding of constitutive secretory vesicles and biogenesis of trichocysts by multiple fusion processes (27, 28) . The osmoregulatory contractile vacuole complex, of which there are two units in a P. tetraurelia cell, consists of a periodically fusing membrane system of collecting canals and ampullae emptying into the central contractile vacuole that periodically opens through a porus on the cell surface to expel its contents to the outside medium (29, 30) . The collecting canals are connected to a system of tubules and vesicles, the spongiome, which has two structurally different components: the smooth and the decorated part of the spongiome.
Recently, we described the function of the SNARE-specific chaperone, NSF, in P. tetraurelia (31, 32) , and here we report the presence of R-SNAREs in this organism represented by a family with 15 genes. The P. tetraurelia synaptobrevins (PtSybs) were identified as longin-type R-SNAREs by using sequence homology. Using antibodies directed against PtSybs and GFP fusion constructs, we found a distinct subcellular distribution of different members of PtSybs. We used gene silencing by feeding (33) to investigate some PtSyb functions in P. tetraurelia and found profound effects of PtSyb2 silencing on cell and contractile vacuole complex morphology as well as affecting its function. However, we expect that highly homologous subfamily members can be cosilenced when they share a certain degree of similarity (34) .
Results
A family of 12 genes encoding synaptobrevins in P. tetraurelia Among the 722 protein-coding genes identified in the course of the pilot sequencing project of the P. tetraurelia macronuclear genome (35, 36) by automated BLAST searches (37), we found two partial sequences with homology to mammalian synaptobrevin. The respective clones, M18F03u (EMBL-Bank accession number AJ566298) and M10H02u (accession number AJ566299), were named Ptsyb1-1 and Ptsyb2-1, respectively. Sequencing of the corresponding clones and amplification with gene-specific primers from a Paramecium cDNA library (38) revealed cDNA information about these genes. Beyond this, we could identify two other relevant genes, Ptsyb2-2 and Ptsyb3-1, on the cDNA level.
Comparison of these sequences with the genomic version allowed us to determine number, size and position of the introns in all four genes, including Ptsyb2-2 and Ptsyb3-1 (EMBL-Bank accession numbers AJ566300 and AJ566301). We performed further searches of the genomic sequence with those four genes and were able to identify a family with 12 members all encoding R-SNAREs and three related longin-like fold containing proteins (PtSyb4-1, PtSyb4-2 and PtSyb5-1) ( Table 1 ). The remaining Ptsybs have been deposited by Genoscope (www.genoscope.cns.fr) at EMBL-Bank (www.embl.org) under the accession numbers shown in Table 1 . Both macronuclear DNA and cDNA sequence information were experimentally verified by amplification with gene-specific oligonucleotide primers followed by sequencing, and the positions of introns were thus identified. The Ptsyb genes encode proteins between 23 and 27 kDa and contain between two and five small introns of 21-31 bp length flanked by the conventional Paramecium intron borders 5 0 -GTA . . . T/A/CAG-3 0 (36,39,40) (Table 1) . Most Ptsyb gene families comprise two closely related isoforms. Exceptions are the subfamilies PtSyb3, PtSyb5 and PtSyb8, which are represented by only a single member. The identity at amino acid level between the isoforms of a subfamily lies between 64.6 and 96.6%.
PtSyb6-1 and PtSyb6-2 are 93.2% identical at amino acid level, but intron splicing of the Ptsyb6-2 gene at the first intron creates a stop mutation and would result in the expression of only a 57 amino acid fragment of the protein ( Figure 1A ). As the presence of spliced Ptsyb6-2 cDNA was experimentally verified, the existence of such a short peptide is possible. However, no band in the range of the expected molecular weight of a PtSyb6-2 peptide could be detected in Western blots with an antibody directed against the N-terminus of Ptsyb6-1 (data not shown), suggesting that translation of the Ptsyb6-2 mRNA does not occur (see Discussion).
An additional gene with homology to Ptsyb3-1, hence named Ptsyb3-2, was found in the genome sequence. However, sequencing of the corresponding cDNA revealed that splicing of the first intron causes a shift of reading frame and results in a truncated protein even though the sequence homology to PtSyb3-1 on the amino acid level continues in a different reading frame well after this termination codon. It remains unknown so far whether this gene is functional. The degree of sequence conservation to R-SNAREs not only to other species but even within the different synaptobrevin gene subfamilies of P. tetraurelia is relatively low (<30% identity; Table 1 ). However, protein family homology searches revealed homology to the longin domain of Ykt6 and Sec22 and especially to the longins of plants (Arabidopsis thaliana V711, V712, V713, V714, V724, V725 and V727).
By homology to other R-SNAREs, the Paramecium synaptobrevins are R-type SNAREs, but unexpectedly not all of them actually exhibit the conserved arginine residue in the central (zero-) layer of the SNARE domain ( Figure 1B ). The subfamilies PtSyb8 and PtSyb9 lack the conserved arginine but do not possess a glutamine typical of Q-SNAREs at this position either. However, the homology to the R-SNARE longin domain of PtSyb8 and overall sequence homology of the PtSyb9 isoforms to other PtSybs clearly place them into the longin-type family of R-SNAREs.
The majority of PtSybs possess a C-terminal stretch of 17-24 hydrophobic amino acids for membrane insertion ( Figure 1A,B) . There are two exceptions: the protein subfamilies PtSyb6 and PtSyb7 lack such a C-terminal hydrophobic stretch. They might instead, in analogy to their closest mammalian and yeast homologue Ykt6, be anchored in the membrane by prenylation and palmitoylation of cysteine residues of a C-terminal CCXXF/Y motif (41-43) ( Figure 1B )-an aspect not pursued further here.
When we analysed the phylogenetic relationships between the different families of PtSybs, we obtained robust trees for the major branches by different methods (Figure 2 ). The phylogenetic tree also revealed that Paramecium possesses synaptobrevins of the VAMP7 and Ykt6 type. Interestingly, we were not able to identify a Sec22 homologue in Paramecium, whereas in another ciliate, Tetrahymena thermophila, a Sec22 homologue clearly exists. Comparison with synaptobrevins of T. thermophila identified homologues close to the Paramecium synaptobrevins ( Figure 2 ). The loss of the transmembrane domain as a single event in the phylogeny of the synaptobrevins is illustrated by the close clustering of the PtSyb6 and PtSyb7 families. They all lack the transmembrane domain ( Figure 1A ,B) and group in the constructed phylogenetic tree with Ykt6 and their transmembrane domainless T. thermophila orthologues (Figure 2 ). Other Paramecium R-SNAREs such as PtSyb3-1, PtSyb8 and PtSyb9 appear to have no equivalent in higher organisms and might therefore represent Paramecium-or ciliatespecific R-SNAREs with orthologues for at least some of them present in Tetrahymena. Another clade comprises PtSyb subfamilies 1 and 2 and paralogues of plant and mammalian longin domain containing synaptobrevins, representative of vacuolar, endosomal, ER and Golgi synaptobrevins that were grouped together as VAMP7-like proteins (44) . However, according to our present knowledge, Paramecium does not possess homologues of the VAMPs considered relevant for regulated exocytosis (8, 9) , the brevins (see Discussion). A tree constructed from only the SNARE domains of the R-SNAREs confirmed the Ykt6-like group and the probably ciliate-specific PtSyb8/PtSyb9 clade but failed to validate a VAMP7-like and a Sec22-like group and was supported only by low bootstrap values (Supplemental Figure 1 , Supplementary Material ). P. tetraurelia synaptobrevin genes. Accession numbers AJ566298 to AJ566301 (GenBank) and CR855897 to CR855907 (Genoscope). Sequences were aligned by the ClustalW method (slow/accurate) and the percentage of identities between isoforms was calculated. Numbers and sizes of introns were experimentally verified and the resulting molecular mass is given in kDa.
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The synaptobrevin-related genes Ptsyb4-1, Ptsyb4-2 and Ptsyb5-1 contain a longin-like fold, but no recognizable SNARE domain; however, they share sequence homology to Ptsyb3-1. A GFP fusion protein of PtSyb1-1 showed staining of the cortical ER network ( Figure 4A ,B). This staining pattern is remarkably similar to staining of living cells with the ER marker DiOC 6 (3) ( Figure 4C ). A similar, but less distinct staining pattern was obtained with a PtSyb1-2-GFP fusion construct, where a membrane system stretching throughout the cell and a cortical pattern was labelled ( Figure 4D ,E). The staining of the ER was not so clear in cells transfected with a PtSyb3-1-GFP construct, because a high cytoplasmic background resulting from the high overexpression level obscured any potential ER staining ( Figure 4F ). For this reason, staining of the endogenous proteins with specific antibodies was performed.
PtSyb1 and PtSyb3 are localized in the ER
Immunolabelling of fixed cells with the anti-PtSyb1 antibody showed a reticular staining that stretches throughout the cell with some concentrations near the cortex resembling the ER, and costaining of the anti-PtSyb1 antibody with the established ER marker DiOC 6 (3) showed close overlap with anti-PtSyb1 staining ( Figure 4G-I the appearance of the staining with both the anti-PtSyb1 antibody and DiOC 6 (3) was variable between experiments and under different growth conditions. Such variability has been described previously (46), and we conclude that both PtSyb1-1 and PtSyb1-2 are present in the ER of Paramecium. PtSyb3-1 was localized using the antiPtSyb3-1 antibody to the ER network and also showed close overlap with DiOC 6 (3) staining ( Figure 4K-M) . At the ultrastructural level, staining with the anti-Syb1 antibody in areas enriched in ER and near vesicles of unknown identity was observed ( Figure 5A ,B). PtSyb1 was enriched in ER-rich zones 3.5-fold (AE1.2), whereas all other cortical structures, such as alveolar sacs, trichocyst docking sites, terminal cisternae and cilia were devoid of PtSyb1 staining. Electron microscopic (EM) analyses with the anti-PtSyb3 antibody showed clusters of staining in close proximity to membranes of the ER ( Figure 5C ,D). PtSyb3 was enriched 1.95 times (AE0.4) in such ER-rich domains.
PtSyb6 is cytosolic and associated with parasomal sacs and the cytoproct When an amino-terminal GFP-PtSyb6-1 fusion construct was expressed in Paramecium cells, predominantly cytosolic staining was observed ( Figure 6A ). If such GFPPtSyb6-1-transfected cells were permeabilized with 1% Triton X-100 or 0.5% digitonin, GFP fluorescence disappeared completely, indicating that PtSyb6-1 is predominantly cytosolic (data not shown). This may reflect the absence of a transmembrane domain anchorage of the protein. After careful prefixation followed by permeabilization with digitonin, an antibody raised against PtSyb6-1 decorated the cytoproct and a regular surface pattern as well as a large population of small vesicles in the cell (Figure 6B,C) . Labelling of the cytoproct ( Figure 6B ) may reflect involvement of PtSyb6 in the release of spent phagosome contents by a specialized form of exocytosis (47) . Furthermore, PtSyb6 staining was detected around the oral apparatus and in some cells, additionally the radial arms of the contractile vacuole complex were decorated. Closer inspection revealed labelling between trichocyst docking sites, i.e. associated with ciliary basal bodies ( Figure 6D ,E). On isolated cell cortices, the anti-PtSyb6 antibody labelled a regular surface pattern in close apposition to basal bodies, but PtSyb6 staining did not exactly co-localize with basal bodies ( Figure 6F ). From this, we conclude that PtSyb6 is located in the parasomal sacs of Paramecium. Within the cortex, immuno-EM gold labelling revealed staining of vesicles associated with the endocytotic pathway that are situated in the vicinity of basal bodies ( Figure 6G ). 
PtSyb2 is localized in the contractile vacuole complex
The fusion protein PtSyb2-2-GFP stained the entire contractile vacuole complex of the Paramecium cell, i.e. the vacuole porus, the contractile vacuole, the collecting ampullae and the collecting (radial) canals ( Figure 7A ). Staining with the anti-PtSyb2 antibody displayed the same distribution as was found for the GFP fusion construct ( Figure 7B ). Close inspection showed that the staining along the radial canals was slightly irregular, possibly representing a number of small vesicles and/or tubules ( Figure 7B , inset). Immunogold labelling of cells expressing PtSyb2-2-GFP with an anti-GFP antibody (48) showed staining of the membraneous network closely apposed to the radial canals ('smooth spongiome') along the radial canal, the ampulla and of the membrane of the contractile vacuole ( Figure 7C ). The same staining was obtained in non-transfected cells with the anti-PtSyb2 antibody ( Figure 7D ). The enrichment of PtSyb2 over the smooth spongiome was 2.55-fold (AE0.1). With none of the antibodies used, we have seen any enrichment of pA-Au 5 labelling in the decorated spongiome.
Effects of homology-dependent gene silencing of PtSyb2
Because of the very confined localization of PtSyb2 to the contractile vacuole complex, we choose it as an example to study its function by gene silencing. Cells were fed with Escherichia coli expressing double-stranded RNA coding for PtSybs, which elicits a small interfering RNA To exclude any effect of the silencing on its own, vector only containing the gfp gene was used for mock silencing.
α-Pt
In fixed gfp-silenced cells, normal staining pattern was seen with anti-PtSyb2 and with an antibody against the a-subunit of the V 0 part of the Paramecium V-ATPase (antiPtV 0 aSU) which is localized in the rough spongiome apposed to the smooth spongiome (49,50) ( Figure 8A,B) . As a positive control, the nd7 gene, which is essential for trichocyst exocytosis (34, 51, 52) , was silenced in parallel experiments and 99% discharge-deficient cells were obtained after 24 h (data not shown). When cells were silenced for 24 h with Ptsyb2-1 and Ptsyb2-2 silencing constructs, staining of the contractile vacuole complex with the anti-PtSyb2 antibody disappeared completely, whereas the same could still be decorated with the anti-V 0 -ATPase a-subunit antibody ( Figure 8C-F) . This underlines the specificity of the anti-PtSyb2 antibody for the PtSyb2 family proteins. However, in Ptsyb2-silenced cells, the contractile vacuole complex often appeared malformed, with inflated radial canals ( Figure 8F ). Silencing of Ptsyb2-1, and in a more pronounced way of Ptsyb2-2, or with a double-silencing construct of both genes led, after 40 h, to a morphological defect of cells that also affected their swimming behaviour (compare Figure 9A ,B and Supplementary Material). Most cells failed to divide properly and gave rise to doublet cells of various shapes ( Figure 9C -E). The often rounded or boomerang-shaped cells were rotating quickly around their axis and after 72 h eventually stopped feeding and died. The osmoregulatory system of silenced cells was still working, but the contractile vacuole was pumping at much reduced frequency ( Figure 9F ). Trichocyst exocytosis triggered by picric acid was not affected in the silenced cells indicating a specific effect of Ptsyb2 gene silencing on the osmoregulatory system and cell division ( Figure 9D,E) . Interestingly, the effects of silencing Ptsyb2-2 or of both isoforms with the tandem silencing construct Ptsyb2-1-Ptsyb2-2 were more pronounced compared to silencing of Ptsyb2-1 alone indicating a functional non-redundance of both isoforms.
Discussion
In the present work, we describe 12 genes coding for R-SNAREs in P. tetraurelia. Exhaustive searches of the P. tetraurelia macronuclear genome presumably revealed the complete set of R-SNAREs in this organism. By comparison, the yeast genome contains only five R-SNARE genes (53), the human genome nine (54), whereas in the plant A. thaliana 14 R-SNAREs have been identified (44) . When we consider the multitude of membrane interactions in the Paramecium cell (1), this high number of R-SNAREs is not at all surprising, and if each gene were specific to a particular membrane interaction an even higher number of synaptobrevins would be expected. From other systems, it is known that R-SNAREs can participate with different binding partners in two or more different SNARE complexes (55) (56) (57) (58) . For instance, in yeast, the SNARE complex involved in transport from the ER to the cis-Golgi consists of Sec22p (R-SNARE), Sed5p (Qa-SNARE), Bos1p (Qb-SNARE) and Bet1p (Qc-SNARE), respectively (59) (60) (61) (62) . In mammalian cells, the homologous proteins include Sec22b (R-SNARE), syntaxin 5 (Qa-SNARE), membrin (Qb-SNARE) and Bet1 (Qc-SNARE) (63) . In both, yeast and mammals, Sed5p/syntaxin 5 is also involved in trafficking steps within the Golgi apparatus where it is assumed to interact with a homologous set of SNAREs including Ykt6p/Ykt6 (R-SNARE), Gos1p/GS28 (Qb-SNARE) and Sft1p/GS15 (Qc-SNARE) (43, (64) (65) (66) . Thus, the occurrence of promiscuous R-SNARE pairing in Paramecium is a possibility and could account for the high number of specific membrane interactions in this cell (1) . All Paramecium R-SNAREs are of the longin type similar to the plant R-SNAREs (44) underlining the closer relationship of ciliates to plants than to yeast and animals, which also contain R-SNAREs of the brevin type responsible for regulated fast exocytosis. We identified two PtSyb families (PtSyb6 and PtSyb7) with homology to the longin-type protein Ykt6, but surprisingly no Sec22 homologue was found in P. tetraurelia. However, it is possible that potential genes escaped the data mining approach due to high evolution rates or if they were disrupted by many or unconventional introns.
The Paramecium SNAREs also may not follow the convention of the '3Q þ 1R-rule' (9,13), because three out of 12 R-SNAREs do not exhibit the conserved arginine residue in the central (zero-) layer of the SNARE domain ( Figure 1B ). This is so far known only for a small number of syntaxins (Q-SNAREs) such as Giardia intestinalis SynPM2, Encephalitozoon cuniculi SynPM and Plasmodium falciparum SynPM. These findings could be explained by the high AT content of those organisms and a resulting CGX (R) to AAY (N) codon bias (67) . The Paramecium genome also has a high AT-content of 72% (35, 40) , and similar exchanges of the arginine residue were observed in the T. thermophila R-SNAREs. The yeast Qc-SNARE Bet1, like other fungal homologues, also carries a serine instead of a glutamine at the conserved position; however, it functions normally in SNARE complexes (68, 69) . It is interesting to note that P. tetraurelia contains one R-SNARE, PtSyb2-1, with a potentially tetanus neurotoxin-cleavable RD signature in its SNARE motif.
We found three PtSybs localized in the ER: PtSyb1-1, PtSyb1-2 and PtSyb3-1. We noticed subtle differences in the distribution over the ER of the two PtSyb1 isoforms in which PtSyb1-1 shows a reticulate cortical staining whereas PtSyb1-2 was more confined to the internal ER network. The antibody directed against isoform PtSyb1-1 probably does not discriminate between its two isoforms, which are 84% identical, and the antibody stains both, the cortical and internal ER network. The distinct distribution of the two isoforms may represent functional differentiation in different subsections of the ER (70, 71) . Because of the similar staining patterns obtained from the C-terminal GFP fusion constructs of PtSyb1-1 and PtSyb1-2 compared to the ER marker DiOC 6 (3) ( Figure 4A ,C,E), a block in ER exit of the fusion proteins can be excluded. Furthermore, co-localization was obtained for DiOC 6 (3) and the relevant specific antibodies ( Figure 4G -M), and we conclude that both isoforms of PtSyb1 and PtSyb3 reside in the ER network of Paramecium.
As predicted by the localization of PtNSF1 there (32), the contractile vacuole complex of Paramecium is likely to be a place of intense membrane interactions and PtSyb2 is the candidate R-SNARE for membrane interactions in the smooth spongiome. As was demonstrated by homologydependent gene silencing, PtSyb2 is required for the structural integrity and function of the organelle, but silencing Ptsyb2 also revealed a global morphological defect affecting swimming behaviour and cell division. How PtSyb2 is affecting cell division and whether there is some kind of crosstalk between the osmoregulatory system and the cell division machinery remain a tantalizing question. Silencing of the Ptsyb2 gene subfamily demonstrated the specificity of the antiPtSyb2 antibody for this subfamily, because staining disappeared completely after knockdown of Ptsyb2 ( Figure 8C ,E).
In our semiquantitative immunogold analysis, we referred pA-Au 5 labelling events to unit area of the respective organelle analysed. The local enrichment determined was well compatible with our observations by fluorescence labelling, but EM analysis allowed us to identify more clearly labelling of organelles, such as early endosomes (with associated vesicles), and organellar substructures, such as the smooth spongiome of the contractile vacuole complex, as well as absence of any label enrichment from the decorated spongiome. The role of the PtSybs lacking any homologues outside the ciliates is still under investigation, and they may have a role in the elaborate phagosome-trafficking pathway of ciliates or other ciliate-specific trafficking pathways. We are currently also investigating the role of other PtSybs but so far have not been able to unequivocally identify an R-SNARE responsible for the fast triggered exocytosis of trichocysts. It is, however, possible that if a particular R-SNARE is silenced, another PtSyb (especially its closely related isoform) may be able to take over its function, as has been found with the functional redundancy of VAMP-2 and VAMP-3 in human cells (72) . Thus, the results from double-silencing experiments will be important in providing an answer to the question whether the fast regulated exocytosis of trichocysts is SNARE-dependent or not.
Materials and Methods

Computational analysis
BLAST searches were performed at NCBI (37) . Domain predictions were performed with PFAM (73), PDB (74) and at GenBank at NCBI. Potential transmembrane anchors were determined with TMpred (75). Molecular modelling was performed with 3DJIGSAW (76) (77) (78) . Amino acid alignment was performed with ClustalW (79) . Phylogenetic and molecular evolutionary analyses were performed using MEGA version 3.0 (80).
Amplification of Ptsyb genes by PCR from genomic DNA and cDNA
Total wild-type DNA from strain 7S for PCR was prepared from log-phase cultures as described previously (81) . The open reading frames (ORFs) of Ptsybs were amplified with gene-specific oligonucleotide primers (Supplemental Table 1 ) from a P. tetraurelia d4-2 cDNA library (38) Karlsruhe, Germany) from P. tetraurelia 7S with 2 mL of cDNA or cDNA library template under identical PCR conditions.
Cloning procedures
Ptsyb-specific PCR products were subcloned into pCR2.1-TOPO (Invitrogen) and sequenced from the M13 universal and reverse primerbinding sites of the plasmid (MWG, Ebersberg, Germany). Ptsyb-specific PCR products were purified using the QIAquick PCR Purification Kit (Qiagen, Hilden, Germany) and double-digested with the appropriate restriction enzymes in the buffer suggested by the manufacturer. Double-digested macronuclear DNA or cDNA was then separated on TAE agarose gels, extracted using the QIAquick gel extraction kit (Qiagen) and ligated into the accordingly cut pPD (33) and pPXV-GFP (82) plasmids with T4 DNA ligase (NEB, Frankfurt, Germany).
Cell culture and test of exocytosis capacity
The wild-type strains of P. tetraurelia used were strains 7S and d4-2. Cells were cultivated as described previously (83) . For subcellular fractionation, axenic cultures were used (84) . Capability of trichocyst exocytosis was routinely tested with a saturated solution of picric acid (85) .
Microinjection of cells and microscopy
For microinjection of cells, pPXV-GFP plasmids were linearized with SfiI or NotI which both cut in between the T. thermophila inverted telomeric repeats of the plasmids, thus protecting the linearized product from degradation in cells (86) . The DNA was isopropanol-precipitated and resuspended to a concentration of 1-5 mg/mL in MilliQ water. All cells used for microinjection were after induced autogamy. Cells were kept for 3-4 generations after autogamy in salad medium supplemented with 0.8 mg/mL of stigmasterol and fed with Enterobacter aerogenes. Before microinjection, the cells were treated with 0.01% aminoethyldextran (87) to stimulate trichocyst exocytosis, thus avoiding any further discharge that could disturb microinjection. Cells were then washed twice in Dryl's buffer þ 0.02% BSA (2 mM sodium citrate, 1 mM NaH 2 PO 4 , 1 mM Na 2 HPO 4 and 1.5 mM CaCl 2 ) (88). DNA microinjections were made with glass microcapillaries under an Axiovert 100TV phase-contrast microscope (Zeiss, Oberkochen), using a micromanipulator with a manually controlled air-pressure microinjector. The expression of the GFP fusion constructs in cells clonally derived from microinjected cells was followed after 24 and 48 h of growth in E. aerogenes suspension at 27 C by epifluorescence microscopy in an Axiovert 100TV microscope (Zeiss) with a GFP filter (488 nm). Fluorescence staining was analysed with a conventional LM Axiovert 100TV (Zeiss), or a confocal laser scanning microscope LSM 510 (Zeiss) equipped with a Plan-Apochromat Â63 oil immersion objective (NA 1.4).
Homology-dependent gene silencing by feeding
Targeted silencing of Ptsyb genes by feeding was performed as described (33) . The full-length ORF of Ptsyb2-1 was cloned with HindIII and XhoI into the pPD vector (33) , and a 523-bp macronuclear XbaI DNA fragment of Ptsyb2-2 was cloned into pPD. For the tandem silencing construct, the cDNA from subcloning of Ptsyb2-2 was excised from pCR2.1-Ptsyb2-2(cDNA) with KpnI and XhoI, and the fragment was ligated into KpnI and XhoI-digested pPD-syb2-1(cDNA), leaving a small fragment (45 bp) from the pCR2.1 cloning vector as spacer between the two genes. Production of dsRNA in E. coli strain HT115 was induced at an OD 600 ¼ 0.4 with 0.5 mM isopropyl-thio-galactoside.
Expression and purification of Paramecium synaptobrevin-specific peptides in E. coli
For heterologous expression of PtSyb-specific peptides, we selected aa 1-194 of PtSyb1-1, aa 1-192 of PtSyb2-1 and aa 1-185 of PtSyb3-1 (excluding the hydrophobic transmembrane domains), an N-terminal fragment (aa 1-74) and a C-terminal fragment (aa 69-204) of PtSyb6-1. After mutating all deviant Paramecium glutamine codons (TAA and TAG) of the Ptsyb ORF into universal glutamine codons (CAA and CAG) by fusion PCR methods with gene-specific mutation oligonucleotide primers (Supplemental Table 1 , Supplementary Material), the resulting fragments were cloned into the NcoI/XhoI restriction sites of a pRV11a expression vector derived from the pET System (Novagen, Bad Soden, Germany) which contains a C-terminal His 6 tag for purification of the recombinant polypeptides (89) .
Recombinant PtSyb polypeptides were purified by affinity chromatography on Ni 2þ -NTA agarose under denaturing conditions, as recommended by the manufacturer (Novagen). Native expression of PtSybs to a higher level could not be obtained under the conditions tested. The recombinant peptides were eluted with a pH step gradient, pH 8.0-4.5 in 8 M urea (in 100 mM NaH 2 PO 4 and 10 mM Tris -HCl). The fractions containing the recombinant peptides were pooled, brought to neutral pH and used for immunization of rabbits and mice.
Antibodies
We generated rabbit polyclonal antibodies against PtSyb1-1 (aa 1-194), PtSyb2-1 (aa 1-192), PtSyb3-1 (aa 1-185) and PtSyb6-1 (aa 69-204) and mouse polyclonal antibodies against the N-terminus (aa 1-74) of PtSyb6-1. Antibodies against the recombinant PtSyb polypeptides were raised in rabbits or mice. After several boosts of the animals, positive sera were taken at day 60 and purified by two subsequent chromatography steps, a first step on a His-tag peptide column (24-amino acid peptide, to remove His-tag-specific antibodies), followed by an affinity step on the corresponding PtSyb polypeptide. A further step of purification with the non-cognate PtSyb polypeptides was carried out for the anti-PtSyb1-1, anti-PtSyb2-1 and anti-PtSyb3-1 antibodies in order to decrease the degree of crossreactivity between different R-SNAREs. Mouse polyclonal antibodies against the amino terminus of PtSyb6-1 were not affinity-purified.
The polyclonal rabbit antibody directed against the a1-1 subunit of the V 0 part of the Paramecium V-ATPase (anti-PtV 0 aSU) stains the contractile vacuole complex (90) .
Anti-a-tubulin was a mouse monoclonal antibody (clone DM1A; SigmaAldrich, Schnelldorf, Germany) and was used diluted 1:500 in immunostainings.
Immunofluorescence labelling and staining with dyes
Monoxenically grown cells were concentrated by centrifugation for 2 min at 900 Â g and washed twice in 5 mM Pipes buffer, pH 7.0, containing 1 mM KCl and 1 mM CaCl 2 . Cells were fixed in 2-8% (w/v) freshly prepared formaldehyde in PBS for 20 min at room temperature and permeabilized by addition of 0.5% digitonin (Sigma). Cells were washed twice in PBS, blocked for 10 min with 50 mM glycine in PBS and resuspended in 1% BSA in PBS. Rabbit and mouse antibodies diluted 1:50 and 1:100 in PBS (þ1% BSA), respectively, were applied to cells overnight at 4 C. After 4 Â 5 min washes in PBS, AlexaFluor 488 and AlexaFluor 568 -coupled Fab2 0 fragments of goat anti-rabbit antibodies (Molecular Probes, Karlsruhe, Germany) and FITC-conjugated anti-mouse antibodies (Dianova, Hamburg, Germany) or AlexaFluor 594 coupled Fab2 0 fragments of goat anti-mouse antibodies (Molecular Probes) were applied for 60 min, followed by 4 Â 5 min washes in PBS. Samples were shaken gently during all incubation and washing steps. After the final wash, samples were resuspended in PBS þ 1% BSA. Staining of single cells was performed as described previously (91) with the difference that the prepermeabilization step with 1% Triton-X100 was omitted.
Staining with 3,3
0 -dihexaoxacarbocyanine iodide [DiOC 6 (3); Sigma) was performed at 0.1 mg/mL after fixation for 1 h at room temperature, and cells were washed 3 Â 5 min in PBS. Staining of nuclei was performed with 10 nM Hoechst 33342 (Molecular Probes) for 10 min in PBS/BSA or TBST*/BSA (0.15 M NaCl in 10 mM Tris-HCl pH 7.4, 0.1% Tween-20, 2 mM MgCl 2 and 1 mM EGTA containing 3% BSA). Cells were mounted with Mowiol or mixed with CitiFluor antifade ragent (Citifluor, Canterbury, UK) to reduce fading and analysed with the appropriate filter sets as described above.
Cell fractionation
Cell surface complexes ('cortices') were isolated as described (92) . Other cell fractions were prepared from axenic cell cultures as previously described (93) . Protein concentrations were determined colorimetrically with BSA as a standard. A protease-inhibitor cocktail containing 15 mM pepstatin A, 100 mU/mL aprotinin, 100 mM leupeptin, 28 mM E64 and 0.2 mM Pefabloc SC (Roche, Mannheim, Germany) was used in all preparations.
Electrophoretic techniques and Western blot analysis
Protein samples were denatured by boiling for 3 min in sample buffer and subjected to electrophoresis on SDS polyacrylamide gels using the discontinuous buffer system of Laemmli (1970) . Protein molecular weight standards were used in accordance with the manufacturer's directions. Protein blotting was performed at 1 mA/cm 2 for 1.5 h using a semidry blotter (BioRad, Munich, Germany). Antibodies diluted 1:1000 in 5% (w/v) non-fat dry milk and Tris -buffered saline pH 7.5 were applied overnight at 4 C. Primary antibodies were detected by goat anti-rabbit IgG coupled to horseradish peroxidase (ICN Pharmaceuticals, Eschwege, Germany) and detected with 5-bromo-4-chloro-3-indolyl phosphate and Nitro Blue tetrazolium (Roche) or ECL TM Western Blotting System (Amersham, Freiburg, Germany), respectively.
Immunogold labelling and EM analysis
With most samples, fixation was followed by embedding in LR Gold, as described previously (94), while occasionally a lower concentration of 2% and 0.15% of the respective aldehydes was used in conjunction with embedding in LR White (London Resin, London, UK) according to the manufacturer's instructions. Ultrathin sections collected on nickel grids were processed with 3% BSA in PBS, and samples were analysed in a Zeiss EM10 electron microscope. The anti-GFP antibody (48) was used at a dilution of 1:20. From here, samples were treated and analysed as described previously (94) .
The postembedding immuno-EM method and quantitiative analysis has been performed precisely as described by Kissmehl et al. (94) . The only exception was the use of protein A-gold conjugates of 5 nm diameter (pAAu 5 ) for detecting primary antibodies, i.e. IgGs from rabbits. The pA-Au 5 samples were obtained from Medical School, Utrecht (NL). Also as described, prints of 80 000 magnification have been used to count gold granules and to determine the areas of cell sections to which pA-Au 5 counts have to be referred. With each of the synaptobrevins analysed, our EM analysis focused on cell regions whose preferential labelling had been documented by immunofluorescence and/or after expression of GFP fusion proteins. (Note that for EM analysis, only wild-type non-transfected cells have been analysed.) The labelling density (gold granules per unit area) over ER-rich cell regions, the smooth spongiome and around the endocytotically active regions near ciliary basal bodies, respectively, have thus been determined, also as described (94) . To express objectively the enrichment of label over regions of interest, we also determined the labelling density over an invariable reference structure (trichocysts) to which the labelling densities (AESEM) over the respective structures have been referred. The respective enrichment factors determined have thus been determined from up to 12 cell sections for the respective structures.
